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The dynamic Fano resonance (DFR) between discrete
quasienergy excitons and sidebands of their ionization con-
tinua is predicted and investigated in dc- and ac-driven semi-
conductor superlattices. This DFR, well controlled by the
ac field, delocalizes the excitons and opens an intrinsic decay
channel in nonlinear four-wave mixing signals.
PACS numbers: 71.35.Cc, 42.50.Md, 78.20.Jq, 78.47.+p
The Fano resonance (FR) results from quantum cou-
pling between a discrete state and a degenerate contin-
uum of states and manifests itself in optical spectra as
asymmetric lineshape [1]. FR was observed in a variety
of atomic and molecular systems. Recently, this phe-
nomenon has been reported in semiconductor quantum
wells [2], in biased semiconductor superlattices (SSL’s)
[3], and in bulk GaAs in the presence of magnetic field
[4,5] where discrete excitons couple to continua of the
lower transitions through Coulomb interaction [6]. In
addition to the frequency-domain experiments, transient
four-wavemixing (FWM) in magneto-confined bulk semi-
conductors [5] and in SSL’s [3] has demonstrated that the
FR is a fundamental type of dephasing mechanism in ir-
reversible quantum dynamical processes.
An intense ac field, e.g. the free electron laser, can
induce the dynamical localization (DL) [7] of electrons
in SSL’s. The DL is directly related to the collapse of
the quasienergy band of Floquet states [8–10], the tem-
poral analogue to the Bloch states in spatially periodic
potential [11]. Research taking into account Coulomb
interaction has shown that the DL may cause the dimen-
sion crossover of excitons [12] and the enhancement of
exciton binding and opacity in linear [12,13] and nonlin-
ear spectra [14]. Meanwhile the dynamical delocalization
(DDL) effect of an ac field is also investigated on localized
Wannier-Stark (WS) states [15] in biased SSL’s [9,10,14],
which is hindered by Coulomb binding [14].
In this Letter, we predict the dynamic Fano reso-
nance (DFR) between quasienergy exciton states in bi-
ased SSL’s driven by an intense THz-field. In particular,
the novelty of this DFR consists in the coupling between
the discrete quasienergy exciton and the neighbor side-
band of its ionization continuum. This DFR will also
lead to the dynamical ionization of bound excitons in
SSL’s, which itself is a new effect of the ac field.
The one-dimensional tight-binding model [14,16] is
adopted in the present investigation. With excluding
the realistic three-dimensional excitonic motion, the re-
sults are hardly compared to experimental data quanti-
tatively, but we believe this simple model does present
qualitatively correct results, in view of the fact that the
ground WS exciton-state usually possesses much larger
oscillator strength than its ionization continuum of in-
plane motion, and the coupling induced by the ac field
between the in-plane motion associated with different WS
states is negligible because of their approximate orthog-
onality. The Coulomb interaction is treated on the basis
of Hartree-Fock approximation. The neglected genuine
many-body correlation [17] may lead to almost instanta-
neous decay in time-integrated (TI) FWM signals, which
is irrelevant to the intrinsic dephasing [5]. This effect is
crucial for the magneto-confined FR [5] due to the mag-
netic field-induced enhancement of many-body correla-
tion [18], but is less important for the decay of TI-FWM
signals in biased SSL’s, which is, in essence, an intrinsic
dephasing process [3,19].
The semiconductor Bloch equations in the presence
of electric fields [16] for the exciton amplitude pk ≡
〈ah−kaek〉 and electron-hole (e-h) pair density fk ≡
〈a†ekaek〉 = 〈a
†
h−kah−k〉 read
∂tpk = −i [E0 + εk(t)] pk + [ωBO + ω1 cos(ωt)] ∂kpk
+iχR(t)(1 − 2fk)− γ2pk, (1)
∂tfk = [ωBO + ω1 cos(ωt)] ∂kfk − 2ℑ
{
χR(t)p∗k
}
, (2)
where aek (ahk) is the electron (hole) annihilation opera-
tor for the quasi-momentum state |e(h), k〉, E0 is the sep-
aration between centers of the conduction and the valence
minibands, εk(t) = εk−2
∑
k′ Vk,k′fk′ is the renormalized
combined e-h miniband dispersion with εk = −
∆
2 cos k,
ωBO is the Bloch oscillation frequency due to the dc-
field [20], ω1 is the strength of the driving ac field with
frequency ω, χR(t) = χ(t)+
∑
k′ Vk,k′pk′ is the renormal-
ized strength of a near infrared optical excitation (here
the dipole element is assumed k-independent), and Vk,k′
comes from the Coulomb potential.
The Schro¨dinger equation for the exciton wave function
is just the linear part of Eq. (1) with the excitation and
dephasing terms removed. The quasienergy is obtained
by numerically diagonalizing the propagator
U(T + t, t) ≡ Tˆ exp
(
−i
∫ T+t
t
H(t)dt
)
[H(t) is the Hamiltonian, T ≡ 2pi/ω], according to the
secular equation
U(T + t, t)uq(k, t) = exp (−iεqT )uq(k, t),
where uq(k, t) is the eigenstate with quasienergy εq. Ob-
viously, for any integer number m, uq,m ≡ uq exp(imωt)
1
is also a solution with quasienergy εq + mω, and, in
analogy to the conventional Brillouin zone in quasi-
momentum space [11], so is defined the Brillouin zone
of quasienergy {[mω, (m+ 1)ω]}.
In the ac-driven system, the absorption spectrum
α(Ω) ∝ ℑ
[
P (1)(Ω)/χ(Ω)
]
, where P (1)(Ω) is the linear
term of the Fourier transformation of the optical re-
sponse P (t) ≡
∑
k pk, and χ(Ω) is the excitation profile
[21,22]. In this work, only the continuous wave absorp-
tion is considered, whereby the interband susceptibility
and oscillator strength are of the same form as in the
static case, except that the transition matrix element is
replaced by its time-average and the transition energy by
the quasienergy [22]. The FWM signals are calculated
following Ref. 14, in which two degenerate Gaussian-
shaped pulses [χ(t) = χ exp(−iΩ0t − G
2t2/2)] are sepa-
rated by a delay time τ .
For the sake of simplicity, let us focus on a specific
case: The ac field is resonant with the Bloch oscilla-
tion, and the Coulomb potential is of on-site type, i.e.
Vk,k′ = V0/N (N is the size of the basis set {|k〉}).
Parameters for our calculations are taken as follows.
V0 = 10 meV, ∆ = 4V0, ωBO = ω = 1.5V0, γ2 = 0.1V0,
Ω0 = E0 − V0, and G = ωBO. N is chosen to be 40 for
calculating quasienergy, and 80 for optical spectra. Our
calculation shows that a larger basis produces no signifi-
cant difference.
As shown in Fig. 1, the quasienergy spectrum consists
of continuous minibands and a few well-separated dis-
crete states below. As the ac field strengthens, owing to
the DDL, the miniband broadens and the discrete excited
states [23] merge into the continuum one by one. Mean-
while, the discrete ground state is repelled by its con-
tinuum towards lower energy, and eventually dips from
above into the ionization continuum of its neighbor side-
band, causing a series of anticrossing in the spectrum.
Further enhancement of the ac field may suppress the
quasienergy miniband, then the discrete exciton states
can be released from the miniband one by one. At cer-
tain strength, namely ω1 = ωDL1, the miniband collapses
and DL takes place. After that the evolution described
above will repeat with increasing the ac field.
For an intuitive understanding, let us briefly review the
picture of dressed WS ladders introduced in Ref. 14. In
weak ac field limit, only one-photon-assisted hopping be-
tween neighbor WS states |n〉x takes effect [14,21], thus
the time-periodic states {exp(−inωt)|n〉x} form the Wan-
nier basis set in a tight-binding ‘lattice’ with the nearest-
neighbor hopping coefficient of ω1∆/(8ωBO) [14]. Those
Wannier states with small n can be viewed as ‘impurities’
in a crystal since their ‘on-site energy’ Exn − nω deviates
from zero significantly due to the Coulomb interaction
[24]. The discrete states in the quasienergy spectrum are
concentrated on these ‘impurities’; on the other hand, the
remote WS states are almost equally spaced and the res-
onant photon-assisted hopping results in the formation of
the continuum as wide as without the Coulomb interac-
tion. As the DDL is enhanced by the ac field, the discrete
excited states may be ionized, and merge into the contin-
uum. Calculation with this picture agrees well with the
exact results for ω1 < ω/2 (not shown). However, when
the ac field is strong enough, the inter-sideband interac-
tion with multi-photon processes [14] has to be invoked
to account for the mixing between the discrete ground
state and the continuum, the band suppression, and the
DL.
The absorption spectrum in the absence of an ac field
presents just the excitonic WS ladder (Fig. 2, ω1/ωDL1 =
0). When the ac field is turned on, the WS states are cou-
pled through photon-assisted hopping, so their sidebands
start to gain in oscillator strengths [14,21], which looks as
if the WS peaks were split (Fig. 2, ω1/ωDL1 = 1/16). As
the excited discrete states merge into the continuum, the
intra-sideband DFR occurs, and the oscillator strength
is shared among the continuum states which otherwise
have negligible opacity [14]. This manifests itself in the
spectrum as broadening of the original discrete line (Fig.
2, ω1/ωDL1 = 1/16 and 1/8). When the ground exciton
state couples to energetically degenerate continuum as-
sociated with its neighbor sideband, (for ω1/ωDL1 = 1/8,
1/4, 1/2, and 3/4 in Fig. 2), the inter-sideband DFR hap-
pens, as characterized in the absorption spectra by asym-
metric peaks with FWHM larger than γ2 . As shown in
the inset of Fig. 2, these peaks have perfect Fano line-
shape [1]
α(Ω) = α0 + αc
(qγ +Ω− Ex)
2
γ2 + (Ω− Ex)2
, (3)
where α0 is the background constant, αc represents the
continuum absorption without the inter-sideband cou-
pling, q is the lineshape parameter, γ is related to the
resonance broadening, and Ex denotes the position of
the discrete state. When further enhancement of the ac
field reduces the quasienergy-band width and the discrete
states emerge out of the continuum, the absorption spec-
trum evolves from the DFR to Lorentzian-shaped dis-
crete lines.
The lineshape of the absorption peaks vary drastically
when the ac field strength passes through the field at
which the DFR occurs. As shown in Fig. 3, when the
exciton ground state meets the continuous sideband, 1/q
becomes nonzero, demonstrating the asymmetrical non-
Lorentzian lineshape, and the Fano coupling parameter,
γ, is larger than the static dephasing rate of excitons,
γ2, indicating that the peak is further broadened by the
DFR. According to Ref. 1,
γ = pi|VE |
2
(in the present calculation, γ also includes the contribu-
tion from γ2), and
1/q2 = |piVE (µE/µX)|
2 ,
2
where VE is the coupling matrix element between the dis-
crete and the continuum states, and µE and µX are the
optical transition matrix element of the continuum and
the discrete states, respectively. VE is determined mainly
by the overlap integral of the bound and extended exci-
tons, which can be modulated by the ac field through
changing the localization property of the excitons. Be-
sides, the ac field redistributes the oscillator strength
among the quasienergy states and their sidebands, chang-
ing the relative opacity of the continuum. Thus both
1/q and γ, depending on the sideband index, are readily
tuned by the ac field [see Fig. 3 (a) and (b)].
The TI-FWM traces in Fig. 4 display the exponential
decay superimposed with quantum beats, which result
from the interference between the quasienergy excitons
with different transition energy [25]. The effective de-
phasing rate γeff2 , extracted from Fig. 4 and plotted in
Fig. 3 (c), follows approximately the Fano coupling pa-
rameter γ [Fig. 3 (b)], indicating that the DFR plays a
role in intrinsic phase-breaking process as the usual FR
does in biased SSL’s [3,19].
To study the localization property of excitons in the dc-
and ac-driven SSL’s, by integrating the Schro¨dinger equa-
tion in the Wannier representation, we have calculated
the mean-square root of the exciton radius W ≡ 〈rˆ2〉1/2
and the probability R0 of finding the electron and hole at
the same site, at various delay time after a weak δ-pulse
excitation [see Fig. 3 (d) and (e)]. A δ-pulse excites the
e-h pair at the same site, so at t = 0+,W = 0 and R0 = 1.
W increases unboundedly with time as a result of the res-
onant photon-assisted hoping between the evenly spaced
remote WS states, whenever the quasienergy miniband
has finite width. This DDL effect is handicapped some-
what by the Coulomb binding: The R0 may saturate with
time whenever there remains a discrete state outside the
continua. When the inter-sideband DFR occurs, how-
ever, the excitons are dynamically ionized with no such
saturation behavior for R0.
In summary, the dynamic Fano resonance between a
discrete exciton and the sideband of ionization contin-
uum is predicted in dc- and ac-driven SSL’s, which, well
controlled by the ac field strength, manifests itself as
broadened asymmetric lineshape in absorption spectra
and intrinsic decay in FWM signals, and leads to the
dynamic ionization for bound excitons. All these effects
stem essentially from the unequal spacing of the exci-
tonic WS ladder together with the DDL effect of the
ac field. This DFR effect was absent in the absorption
spectra calculated in Ref. 12, because the sidebands of
quasienergy miniband are not effectively overlapped for
the chosen parameters . It should be pointed out that
the DFR is quite different in nature from the FR be-
tween WS states and the degenerate in-plane continua
associated with low-lying WS states in dc-biased SSL’s
[3]. The DFR is expected to be experimentally distin-
guishable from the in-plane FR in its ac field dependence.
Moreover, it’s possible to adjust the dc-field strength to
minimize the in-plane FR effect [3] so as to emphasize
the dynamic interference.
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FIG. 1. Quasienergy sideband structure of excitons as func-
tions of the ac field strength.
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FIG. 2. Absorption spectra (solid lines) in the dc- and
ac-driven superlattice at various ac field strength as indicated
by ω1/ωDL1. The integer numbers denote the WS state index.
Inset is an enlarged example of the lineshape due to the DFR,
where the squares are fitted with Eq. (3). The dotted line
represents the excitation spectrum for calculating the FWM
signals.
FIG. 3. Dependence on the ac field strength of (a) the in-
verse lineshape parameter 1/q and (b) the Fano coupling pa-
rameter γ obtained by fitting with Eq. (3) the absorption
peaks associated with the exciton ground state in Fig. 2, (c)
the effective dephasing time γeff2 extracted from the TI-FWM
signals, and (d) the mean-square root of the exciton radiusW
and (e) e-h overlap probability R0 at t = 0
+, 10T , 20T , 30T ,
and 40T after a δ-pulse excitation. In (a) and (b), the in-
dex ‘Im’ denotes the exciton ground state in the quasienergy
Brillouin zone [(m− 1)ω,mω].
FIG. 4. TI-FWM signals as functions of delay time in the
dc- and ac-driven superlattice for various ac field strength
indicated by ω1/ωDL1.
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